An 8-azaguanine-resistant mutant, azg-11, derived from a guanine auxotroph, gua-J, of Salmonella typhimurium was isolated. This mutant was resistant to the analogue when grown on 2, 6-diaminopurine, but showed greater susceptibility than the parent on guanine. Studies with the uptake of radioactive purines revealed that the mutant was defective in a mechanism for incorporation of guanine as well as of xanthine. Initial rates of uptake were determined for guanine at concentrations which were sufficiently low to make permeases limiting. The affinity constant Km for themutantwasfoundtobe2.5 X 10-4 M; that of theparent was 2.3 x 10-5 M. Examination of cell-free extracts suggested that the purine nucleotide pyrophosphorylases, responsible for the conversion of free intracellular purines to the corresponding nucleotides, were present and unaltered. The results indicate that the mutant is defective in a mechanism for the active transport for guanine and possibly xanthine.
Genetic alteration leading to the loss of purine nucleotide pyrophosphorylases appears to be the most prevalent mechanism for resistance to purine analogues in bacteria and neoplastic cells (4, 19) . A consequence of such a phenotypic change is the concomitant loss in the ability of the mutants to utilize purine bases for cellular growth (4, 15) .
These enzymes may play a primary role in the uptake of exogenous purines, or there may be other enzymes (for instance, permeases) which are important. Evidence for active transport of purines in bacteria is lacking, although it has been shown in yeast, fungi, and algae (8, 10, 21) .
In the present paper, a mutant of Salmonella typhimurium is described in which the reduced uptake of guanine appears to be associated with the initial transport of the purine into the cells, with no alteration in purine nucleotide pyrophosphorylases.
MATERIALS AND METHODS
Bacterial strains. S. typhimurium LT-2 and its guanine-requiring auxotroph have been described (14) . 8-Azaguanine (AzG)-resistant mutant azg-11 was isolated from gua-J as follows. The gua-l strain was grown overnight in minimal medium containing guanine (20 ,ug/ml), washed, resuspended in saline to a cell concentration of 109 per ml, and irradiated with ultraviolet light at 2,537 A (450 ergs/mm2). The culture was diluted 1 :100 in fresh medium containing 20 pg per ml of 2,6-diaminopurine (DAP) and grown with aeration for about 4 hr at 37 C. At this time, AzG (50 Ag/ml) was added and the culture was incubated overnight. Samples were plated on minimal agar plates containing DAP (20 pg/ml) and AzG (200 ,ug/ml). Colonies appearing within 48 hr were tested for growth requirement and resistance. A revertant from this mutant was isolated by plating about 108 cells on minimal agar plates in the absence of any purine.
Media. Prototrophic strains LT-2 and azg-JJ-RA were routinely grown in minimal salts-glucose medium E (23). For growth of auxotrophic strains gua-J and azg-11, medium E was supplemented with guanine (20 jug/ml). The E buffer used for washing the cells consisted of the above medium without glucose or purine.
Growth studies. Preparation of cultures, conditions of growth, and method of studying antagonism between guanine and its analogues were the same as reported earlier (14) . Inocula consisted of freshly prepared cells grown to the logarithmic phase; they were then washed and resuspended in chilled E buffer.
In all of the experiments, growth was stopped by chilling and adding 0.03% potassium cyanide to the sample. Growth was measured turbidimetrically at 540 mpu in a Spectronic-20 colorimeter.
Incorporation of radioactive purines. An overnight culture was diluted 1:20 in medium E and incubated with shaking for 2 hr at 37 C. Cells were harvested, washed twice in chilled E buffer, and transferred to fresh medium containing radioactive purines. In studies with auxotrophs, cells were starved for guanine (before transfer to the radioactive medium) by incubation without purine for 1 hr with constant agitation; 1-ml samples were removed at intervals during uptake for determination of the radioactivity in the whole cells and the trichloroacetic acid-insoluble fraction. Assays were carried by the membrane filtration technique (14, 15 Enzyme assays. Preparation of cell-free extracts and the assay of purine nucleotide pyrophosphorylase were the same as reported earlier (13) . Extracts were incubated in 0.66 ,u purine, 0.6 ,uM 5-phosphoribosyl-1-pyrophosphate (PRPP), 10 ,uM phosphate (pH 7.5), and 6.4 uM MgCl2-7H2O for 30 min at 37 C. The reaction was stopped by heating, and purine-dependent disappearance of PRPP was estimated in the reaction mixture after adsorbing the nucleotide on charcoal. To facilitate sedimentation of charcoal particles during washing, 0.1 ml of 95% ethyl alcohol was added per 2 ml of sample (7) . All assays were checked by isolating and identifying the corresponding nucleotide by paper chromatography with Carter's solvent (5) . Activity with AzG and 6-mercaptopurine (MP) was measured in 0.03 M sodium acetate buffer (pH 7.2) instead of phosphates (6) . Protein in the extracts was estimated by the method of Lowry et al. (17) .
Chemicals. To elucidate further the nature of inhibition by AzG in azg-11 grown on guanine, growth was studied under various concentrations of both of these purines. Addition of the inhibitor to the medium increased the amount of guanine required for supporting the same amount of growth, suggesting a competitive nature of antagonism between the purine and its analogue (Fig. 2) . This effect was not observed with the parent strain with the concentrations of the inhibitor used in the experiment.
Grown,th response of azg-1J, and gua-1. The most striking difference between azg-11 and gua-J was the varying growth response of the mutant to the increasing concentrations of exogenously supplied guanine (Fig. 3) . This was not observed with the original parent strain, in which growth rates were the same irrespective of the purine concentration used in the experiment. Furthermore, the growth rate of the mutant at any given concentration was lower than in gua-1, though the final yield of cells reached at the end of the growth period was the same in both cases. Thus, it would appear a priori that the mutant was defective in a mechanism which determined its rate of incorporation of guanine during growth. This was subsequently confirmed by studies on the uptake of radioactive purines.
Incorporation of radioactive purines by gua-J and azg-J J. Incorporation of guanine in the auxotrophic strains was studied at a concentration of guanine sufficiently low to make the initial enzymatic step limiting. The method used in determining the affinity constant, Km, was essentially the same as described by Ames (2) , with a few variations. The uptake was determined in whole cells, since preliminary experiments indicated that practically all of the radioactivity in the whole cells appeared in the trichloroacetic acid-insoluble fraction under the conditions of Guanine uptake by the mutant was considerably reduced, compared with the parent strain (Fig. 4) . In one experiment the rate of uptake by the mutant was measured at higher concentrations of the exogenous purine and it was found to reach a saturation value at about 150 ,moles/ liter. Furthermore, the maximal rates attained in the mutant were half those obtained with the parent strain. Apparent Km values for guanine uptake in the two strains were calculated from (14) . Prototrophic strains, on the other hand, provide a better system for studying the uptake of purines under the conditions of active of these enzymes (Table 3 ). The reduced uptake of guanine and xanthine appears, therefore, to be due to some enzyme functioning at a level of transport.
DISCUSSION
Evidence for active transport for purines in bacteria has been indirect and generally based on the competition between different purines and their derivatives in supporting growth of the auxotrophic strains (12, 20) . This is probably due to the difficulty in demonstrating the relatively small pool size of free purines inside the cells. Recently, Berlin and Stadtman (3), using a dual isotope technique, provided direct evidence for the intracellular compartmentalization of the free adenine pool, as distinct from the subsequent biochemical steps in its utilization. The mutant described here provides additional evidence for the existence of a transport system for guanine, as distinct from the purine nucleotide pyrophosphorylases which convert free intracellular purines to the corresponding nucleotides.
Several types of evidence suggest the existence of a separate mechanism for the transport of guanine into the cells. The Km values determined for initial uptake are different from those obtained for guanylic pyrophosphorylase in S. typhimurium (1) . These values were determined at concentration of guanine much lower than those required for supporting growth. Under these conditions, the permeation system becomes ratelimiting. Ames (2) 
